NOTCH1 encodes the canonical member of the mammalian Notch receptor family. Activating lesions frequently affect NOTCH1 in T-cell acute lymphoblastic leukemia (T-ALL) and recently have been found in non-small cell lung cancer (NSCLC) as well. We explored the oncogenic potential of activated NOTCH1 in the lung by developing a transgenic mouse model in which activated NOTCH1 was overexpressed in the alveolar epithelium. The initial response to activated NOTCH1 was proliferation and the accumulation of alveolar hyperplasia, which was then promptly cleared by apoptosis.
Introduction
The Notch signaling pathway functions in cell-fate determination and differentiation (1) . There are four NOTCH genes in the mammalian genome (NOTCH1-4 in humans). The genes encode single pass transmembrane proteins that interact with ligands of the Delta and/or Jagged/Serrate family. The ligands are also transmembrane proteins, which bind to Notch receptors displayed on adjacent cells. Ligand binding induces proteolytic cleavage of the Notch receptor and release of the Notch intracellular domain (NICD) (2, 3) . This is the activated form of NOTCH, which enters the nucleus and functions as a transcriptional co-activator for DNA-binding transcription factors of the CBF1/SU(H)/LAG1 (CSL) family (4) . Notch target genes are normally repressed by CSL family proteins, but become activated through the binding of a NICD/CSL complex and its recruitment of chromatin remodeling proteins (5) .
A role for Notch signaling in cancer was first suspected with the characterization of t(7;9)(q34;q34.3) chromosomal translocations in a subset of human T-ALLs (6) . The translocation breakpoints occur in an intron of the NOTCH1 gene and result in the formation of an mRNA encoding a truncated and constitutively active NOTCH1 intracellular domain (N1ICD) protein fragment. It is now known that point mutations and small, frame shifting insertions or deletions in NOTCH1 also occur in T-ALL (7) . These alterations enable either ligand-independent cleavage and N1ICD release or interrupt the domain that regulates N1ICD turnover, the C-terminal PEST domain, resulting in N1ICD stabilization and sustained NOTCH1 signaling. It has been suggested that NOTCH alterations are uncommon in malignancies other than T-ALL (8) Author Manuscript Published OnlineFirst on July 29, 2011; DOI: 10.1158/0008-5472.CAN-11-0595 (9) . An additional 30% of NSCLCs have lost expression of NUMB, a negative regulator of NOTCH, resulting in increased NOTCH activity (9) .
In order to explore the tumorigenic potential of activated NOTCH1, we targeted expression of a N1ICD transgene to the pulmonary epithelium. Expression of the transgene could be induced by administration of doxycycline (DOX). Continuous N1ICD overexpression in the alveolar epithelium induced lung adenomas, but not adenocarcinomas. Progression of lung adenomas overexpressing N1ICD to adenocarcinoma could be brought about by the additional overexpression of MYC, which cooperated with N1ICD through synergistic effects on tumor cell proliferation.
Previously, activating mutations in Kras were found in tumors from a murine model of NSCLC that overexpresses MYC (10) . The cooperation we observed between N1ICD
and MYC was independent of RAS activation, suggesting that activated NOTCH1 can substitute for activated RAS in tumorigenesis with MYC. Our results authenticate the tumorigenic potential of activated NOTCH1 in the lung, particularly in combination with MYC, and raise the possibility that therapeutics targeting NOTCH1 may prove valuable in the treatment of human NSCLCs that express activated forms of the protein. 
Materials and Methods

Genetically modified mice
Experimentation was conducted with the approval of the Institutional Animal Care and Use Committee (IACUC) of the University of California, San Francisco. Mice expressing the DOX-responsive reverse tetracycline transactivator (rtTA) under the control of the rat Clara cell secretory protein (CCSP) promoter (11) and mice that have a tetracycline-responsive promoter element that controls the transcription of human N1ICD (12) have both been previously described. Transgenic mice with a tetracycline-responsive promoter element that controls the transcription of the human MYC sequence were developed in this laboratory (13) . A diet supplemented with DOX (200 mg/kg) was used to stimulate the transactivating function of the rtTA protein. Lung phenotypes were evaluated according to criteria recommended by the Mouse Models of Human Cancer Consortium (14) . Under these recommendations adenocarcinomas are defined as tumors 5 mm in diameter, while adenoma, considered the precursor to adenocarcinoma, is < 5 mm in diameter.
Western analysis
Snap frozen lung and tumor tissues were used to prepare protein lysates and Western analysis was carried out using standard techniques. Sources of antibodies used for detection are listed in Supplementary Materials and Methods.
Tissue staining
Immunohistochemical staining was carried out using the Vector Elite ABC Kit Kit (Chemicon) for TUNEL staining. For the quantification of cells positive for phosphorylation of HISTONE 3 at Serine 10 (phospho-H3S10), Ki67 or TUNEL staining, at least three random high-powered fields were counted for each individual lung or tumor (n 3 mice for each genotype).
Taqman analysis
RNA was extracted using the Absolutely RNA® Miniprep kit (Stratagene). RNA was reverse-transcribed using Stratascript reverse transcriptase (Stratagene) and analyzed by realtime-PCR (Taqman®, Applied Biosystems). Relative gene expression was normalized to a mouse β-Actin Taqman® probe using the ΔC T method (n 3 mice for each analysis).
RAS Activity Assay
RAS activity was measured in 250 μg of protein lysate using a RAS Activation Assay Kit (Millipore). In brief, the kit supplied a GST-RAF RAS-binding domain fusion protein to precipitate only ATP-bound RAS from protein lysate. 
Results
Conditional expression of activated NOTCH1 in the alveolar epithelium
To model NOTCH1 activation in the lungs of adult mice we overexpressed N1ICD using a DOX-inducible system ( Figure 1A ). Transgenic mice expressing rtTA under the transcriptional control of the rat CCSP promoter (the C transgene) were used to achieve lung-specific expression. Although CCSP is expressed in Clara cells of the bronchiolar epithelium, the C transgene is transcriptionally active mainly in epithelial cells of the distal lung (11) . We bred C mice to mice carrying a transgene encoding N1ICD (sequence of human NOTCH1 encoding amino acids 1756-2556) under the transcriptional control of a tetracycline-response element (TRE) promoter (the N1 transgene) (12) .
A diet supplemented with DOX was used to stimulate the transactivating function of the rtTA protein and induce N1ICD expression in the resulting CN1 mice. The 110 kDa N1ICD protein fragment was induced in CN1 mouse lungs after 7 continuous days of DOX treatment and reached a maximum level of expression after 14 days ( Figure 1B ). N1ICD levels decreased after day 14 but nonetheless remained elevated (see day 30, Figure 1B ). We assayed the mRNA levels of a subset of known targets of the NOTCH transcriptional complex. Some responded to DOX induction, including Hes5 and Nrarp ( Figure 1C) . Notably, Hes1, a gene whose transcription is often used as a measure of NOTCH activation, was not induced. Therefore, N1ICD overexpression activated only a subset of the known NOTCH targets, presumably reflecting tissue specific differences in overexpression, but cell death tempered the proliferative response.
N1ICD overexpression engages the BCL2 family of apoptotic regulators
To define mediators of the apoptosis that cleared N1ICD-induced alveolar hyperplasia, we screened protein lysates from DOX treated CN1 mice for alterations in anti-and pro-apoptotic proteins. We found that the anti-apoptotic BCL2 protein was repressed in CN1 mouse lungs after 14 days of DOX ( Figure 2C ). Induction of full- Figure 3A, B) . We concluded that apoptotic signaling was engaged independent of p53 induction and that non-transcriptional regulatory mechanisms that are yet to be defined likely account for most of the observed alterations in BCL2 family proteins.
N1ICD-induced lung adenomas
We reasoned that over time genetic and/or epigenetic defects might accumulate in the lungs of CN1 mice, enabling cells to evade intrinsic tumor suppressive functions, such as apoptosis. Therefore, we monitored DOX-fed CN1 mice at different time-points for signs of tumorigenesis. Beginning as early as 8 months of age we observed that N1ICD overexpressing cells displayed an altered pattern of growth. Instead of growing as cell clusters (as in Figure 1E ), some N1ICD + cells expanded laterally along the alveolar walls in a bronchioalveolar pattern ( Figure 3A , B). Small adenomas could be found in each of the 8-month old CN1 mice (n=4 mice). These early tumors had bronchioalveolar patterning ( Figure 3C ) and appeared to have formed from the coalescence of N1ICD + cells ( Figure 3D ).
Eventually DOX-fed CN1 mice developed multiple adenomas with papillary histology ( Figure 3E ) and succumbed to their tumor burden at an average age of 15.1±2.2 months (n=11 mice). We did not find adenocarcinomas (size 5mm) in any of these mice. Only rare adenomas were found in CN1 mice not fed a DOX diet (average = 0.38±0.72 per mouse, n=16 mice).
We investigated the expression of markers of differentiated lung epithelial lineages in alveolar hyperplasia and the adenomas that arose in DOX fed CN1 mice. 
Figure 5B). Both findings are consistent with stabilization, not degradation, of p53, although no p53 accumulation was observed (Supplementary Figure 3A) . Our data suggests that in the lung N1ICD does not inhibit p53 through repression of p19 ARF , a finding that contrasts with findings in T-ALL (12).
MYC and MYCL1 are induced in adenomas
We also examined the hypothesis that long-term formation of adenomas in CN1 mice could be mediated, at least in part, by MYC activity. Transcription from MYC is induced by activated NOTCH1 in T-ALL (17, 18) and in mammary tumors (19) . We 
alveolar hyperplasia. In any case, we concluded that MYC and MYCL1 expression reemerged in adenomas, presumably in response to selection that favored tumorigenesis.
MYC and N1ICD cooperate in lung tumorigenesis
To test whether sustained MYC activity could facilitate the formation of N1ICD-induced adenomas, we crossed CN1 mice to mice carrying a DOX-regulatable MYC transgene (13) (the M transgene) and created compound CN1M mice (schematic in Figure 5A ). We found that mice overexpressing both N1ICD and MYC had dramatically NOTCH1 and MYC induced a more aggressive lung tumor phenotype compared to mice expressing activated NOTCH1 or MYC alone.
N1ICD substitutes for activated RAS in lung tumors overexpressing MYC
Western analysis of tumor protein lysates suggested that even more of the 110 kDa N1ICD was present in CN1M adenocarcinomas than in CN1 adenomas ( Figure 6A ).
MYC overexpression may therefore stabilize N1ICD, although a mechanism by which this might occur is not apparent. We concluded that both N1ICD and MYC were overexpressed in CN1M adenocarcinomas.
Like the levels of N1ICD, Hes5 induction was highest in CN1M adenocarcinomas ( Figure 6B ), although the difference in expression compared to CN1 adenomas was not statistically significant. Other Hes and Hey genes were transcriptionally repressed in CN1M adenocarcinomas compared to CN1 adenomas (Supplementary Figure 6) . This reinforces the supposition that Hes5 is a target of N1ICD in the lung epithelium, while other Hes and Hey basic helix-loop-helix genes may not be.
Previously, we demonstrated that lung tumors from CM mice harbor mutations in
Kras that cooperate with MYC in tumorigenesis (10) . Crosstalk between NOTCH1 and RAS has been suggested to be important for transformation (20, 21) and in some mouse tumor models activated NOTCH1 cooperates with activated KRAS (22, 23) . We hypothesized that cooperativity between N1ICD and MYC in lung tumorigenesis may require RAS activation and carried out a RAS activity assay on protein lysates of tumors from CN1, CN1M and CM mice ( Figure 6C ). No increase in RAS activity was seen in CN1 adenomas or CN1M adenocarcinomas. This suggests not only that RAS activation is not required for the formation of N1ICD-induced adenomas, but also that N1ICD can substitute for mutation of Kras in a cooperation with MYC that produces lung adenocarcinoma.
N1ICD and MYC have a synergistic effect on tumor cell proliferation
Acute overexpression of MYC induces apoptosis in a variety of tissues (24), including the lung (10) . Compensatory genetic and/or epigenetic events are thought to counter the pro-apoptotic effects of MYC during tumorigenesis (25, 26) . Given that overexpression of either N1ICD or MYC can elicit an anti-tumor response in the form of apoptosis, we wondered how cooperativity was achieved during lung tumorigenesis.
Tumors from CN1, CN1M and CM mice were immunostained for phospho-H3S10, a marker of cells in the mitotic phase of the cell cycle (Supplementary Figure 7A- C). We observed a significant increase in mitotic cells in CN1M adenocarcinomas compared to both CN1 adenomas (3.7 fold) and CM adenocarcinomas (3.3 fold) ( Figure   6D ). We observed similar changes with immunostaining for Ki67 antigen (data not shown), which stains cells in all phases of the cell cycle. Therefore, the combination of N1ICD and MYC expression had a synergistic effect on tumor cell cycling.
We also observed an increase in TUNEL staining in adenocarcinomas from CN1M mice compared to CN1 adenomas (3.2 fold) and CM adenocarcinomas (2.8 fold) ( Figure 6E, Supplementary Figure 7D-F) . Therefore, the combination of N1ICD and MYC expression also augmented the induction of apoptosis. However, since the fold increase in phospho-H3S10 + cells was higher than the increase in TUNEL + cells, the proproliferative effect of co-expressing activated NOTCH1 and MYC outcompeted apoptosis induction. Thus, synergistic activation of tumor cell cycling contributed to the cooperative effect of N1ICD and MYC on lung tumorigenesis. 
Discussion
N1ICD induction of apoptosis in the alveolar epithelium
We used a DOX-inducible system to overexpress N1ICD in the lungs of adult mice. This resulted in the formation of lung adenomas. However, the initiation of adenomas required prolonged stimulation of the N1 transgene. Adenomas were first observed in 8 month-old CN1 mice that had been continuously fed a DOX diet. This chronology suggests that additional genetic/epigenetic events that cooperate with N1ICD overexpression must accumulate to enable N1ICD-induced tumorigenesis. The requirement for anti-apoptosis likely contributes to the observed latency.
The effect of activated NOTCH1 on apoptosis is context dependent. Activated NOTCH1 protects from apoptosis in some settings (27) (28) (29) but acts to induce apoptosis in others (30, 31) . We found that in the mouse alveolar epithelium, acute activation of N1ICD overexpression resulted in a wave of proliferation and the formation of extensive hyperplasia, but the bulk of the alveolar hyperplasia was cleared from the lung periphery. 
Activated NOTCH1 and MYC cooperate in lung tumorigenesis
Based on the reemergence of MYC and MYCL1 expression in adenomas, we hypothesized that MYC activity could be important for the initiation of N1ICD-induced lung adenomas. We supposed that more adenomas would form if MYC activity were further supplemented through transgenic manipulation and developed mice that could overexpress both N1ICD and MYC coincidentally to test this supposition. These mice did have a significant increase in the number of lung tumors that were initiated, but the mice developed adenocarcinomas as well as adenomas. Some mice even harbored gross metastases. This suggests a robust cooperation between N1ICD and MYC in lung tumorigenesis.
Previously, we showed that activating mutations in Kras are present in MYC transgenic tumors, including CM lung adenocarcinomas (10) . In this study, however, we observed that RAS is not activated in CN1M lung tumors. This suggests that activated NOTCH1 can substitute for activated KRAS in tumorigenesis with MYC. It would be worthwhile to compare the frequency and overlap of KRAS mutation and activated NOTCH1 expression in human NSCLCs expressing MYC, as our data suggests KRAS mutation and activated NOTCH1 expression could be mutually exclusive. 
